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A mblyopia is the second most common cause of reduced vision in children, with myopia being the first. Amblyopia affects approximately 1.6% to 3.6% of the population. 1 The pathophysiology of this condition has not been fully defined, but the functional changes involved in amblyopic development can occur at various levels of the visual pathway. Most striate cortex neurons in kittens and monkeys with strabismic and anisometropic amblyopia respond to the dominant eye. 2 In addition to cortical deficits, cells in the lateral geniculate nucleus layers of amblyopic eyes are less developed than those in the dominant eye layers. 3 Retinal involvement in amblyopia has always been doubted. Several studies using optical coherence tomography (OCT) have evaluated macular structural parameters, but the results are inconsistent. Previous studies 4, 5 reported a relationship between retinal perfusion and retinal thickness in healthy subjects. The evaluation of these two variables in amblyopia might demonstrate an amblyopic deficiency at the retina level.
OCT angiography (OCTA) is a new, noninvasive imaging technique that provides depth-resolved visualization of the retinal microvasculature. The newest OCT application updates allow us to identify the superficial retinal capillary plexus (SCP), the deep retinal capillary plexus (DCP), and the choroid. Several authors reported decreased SCP and DCP vessel density for amblyopic eyes. 6, 7 However, the projection artifacts in the DCP might exist in the previous studies. This is an especially propitious time to perform OCTA studies because recent software advances of certain OCTA systems can now largely eliminate imaging artifacts in the DCP. The purpose of this study is to use OCTA to compare retinal thickness and vascularity in the macula of amblyopic children with control children, and to evaluate any interaction between retinal vessel density and thickness. If macular structure or perfusion are shown to be affected by amblyopia, it could pose serious challenges to our current understanding and definition of amblyopia.
University Affiliated Eye Hospital. The protocol was approved by The Ethics Board of the Wenzhou Medical University and was performed according to the tenets of the Declaration of Helsinki for research involving human subjects. Signed parental informed consent forms were returned to the researchers before examinations were performed on the children.
Amblyopic (85) and normal control (66) children were recruited. Amblyopia was defined based on the American Academy of Ophthalmology's preferred practice pattern (PPP) 8 : unilateral amblyopia best corrected visual acuity (BCVA) ‡2 lines interocular difference and bilateral amblyopia BCVA worse than 20/30 in both eyes for ages >5. Inclusion criteria were children with unilateral amblyopia caused by anisometropia or strabismus, or bilateral amblyopia caused by high hyperopia or astigmatism, age between 5 and 12 years, and central fixation as determined by ophthalmoscopy. The control group was composed of children whose BCVA was equal to or better than 20/20 in both eyes. Children with myopia greater than -0.50 diopters (D) and patients with neurologic diseases, ocular conditions such as glaucoma or retinal disorders, and nystagmus were also excluded. In addition, children who had undergone strabismus surgery were excluded. Amblyopic children enrolled in the study were in their initial visits or were being treated but still met the criteria of amblyopia.
All subjects underwent a comprehensive ophthalmologic examination, which included subjective refraction (for amblyopic children, completed after cycloplegia), BCVA, slit-lamp examination, fundoscopy, and an orthoptic evaluation. A biometer (Lenstar S 900; Haag-Streit AG, Koeniz, Switzerland) was used to measure axial length (AL). Retinal thickness and vascular density at the macula were measured by OCTA (Optovue, Inc., Freemont, CA, USA). For bilateral amblyopia and normal control subjects, the data from the right eye were selected for analysis.
OCTA Data Acquisition and Processing
OCTA scans were obtained using a spectral-domain system with optical software (AngioVue version 2017.1.0.155; Optovue, Inc.) with a light source at 840 nm, a bandwidth of 45 nm, and an A-scan rate of 70,000 scans per second. Angioretina (3 3 3 mm) and the crossline module procedures were performed for both eyes in each subject.
Macular OCTA scans (3 3 3 mm) were acquired by two repeated B-scans at 304 raster positions, and each B-scan consisted of 304 A-scans. Two volumetric raster scans were taken consecutively, one with a horizontal priority (x-fast) and one with a vertical priority (y-fast). Each scan was automatically segmented to visualize the retinal SCP and DCP. SCP-OCTA images were segmented with the inner boundary at the internal limiting membrane (ILM) and the outer boundary at 10 lm above the inner plexiform layer (IPL). DCP images were segmented with an inner boundary 10 lm above the IPL and the outer boundary 10 lm below the outer plexiform layer (OPL). The 3D projection artifacts removal algorithms (Optovue, Inc.) were implemented in the updated optical software (Optovue, Inc.) to remove ''false'' blood flow signals from the DCP.
Vessel densities were calculated as the percent of each region of interest occupied by the vessel area within that region. The five regions of interest were based on the Early Treatment Diabetic Retinopathy Study contours and included the fovea and the parafovea divided into temporal, superior, nasal, and inferior quadrants. The foveal region was circular with a 1-mm diameter, centered on the fovea. The parafoveal region was an annulus with a 3-mm outer diameter and a 1-mm inner diameter centered at the fovea ( Fig., panel A) . The automated software (Optovue, Inc.) was also used to calculate the area (mm 2 ) of the foveal avascular zone (FAZ). All scans were reviewed to ensure correct segmentation and sufficient image quality (quality index ‡ 8). Poor-quality scans were excluded from the analysis.
Retinal thickness at the macula was measured by the crossline module. The scan length and depth were 8 and 2.388 mm, respectively, with the posterior pole volume scan having two lines that crossed horizontally and vertically, each centered at the fovea. The images obtained were reviewed by a masked ophthalmologist (WC). The horizontal and vertical scans from each subject with the highest quality at the foveal center were selected for evaluation. Custom software 9 for automatic segmentation into layers was developed to measure the mean inner and outer retinal thicknesses at the fovea and at the parafoveal four quadrants. The foveal and parafoveal regions were defined as the same region as in the OCTA images. Inner retinal thickness was measured from the ILM to the outer boundary of the inner nuclear layer, and the outer retinal thickness was measured from inner boundary of the OPL to the outer boundary of the retinal pigment epithelium ( Fig., panel  B ).
Statistical Analysis
Statistical analyses were performed with statistical software (SPSS version 19.0; SPSS Inc, Chicago, IL, USA). Unless otherwise stated, the means and standard deviations of continuous variables were calculated. Visual acuity data were converted to the logMAR format for statistical calculations and analyses. Refraction data were converted into spherical equivalents (SEs), calculated as the spherical dioptric power plus one-half of the cylindrical dioptric power. Analysis of covariance (ANCOVA) was used to evaluate retinal thickness and vascular density differences between amblyopic groups and the control group, while adjusting for the possible effects of AL and age, and sex. Subsequently, baseline multiple comparison imbalances in the groups were adjusted for AL, age, and sex. Unpaired t-tests, Mann-Whitney tests, and v 2 tests were used to compare demographic variables, SE refractive errors, and ALs between amblyopic groups and the control group when appropriate. Paired t-tests were performed to compare the two eyes of unilateral amblyopic eyes. Multiple linear regression analyses determined if age, sex, visual acuity, AL, and retinal thickness were associated with the vascular variables. Two-sided P 0.05 was considered statistically significant.
RESULTS
We included 85 children (median 8 years old, interquartile range [IQR] 7-9 years) with amblyopia and 66 age-matched control subjects (median 8 years, IQR 7-9 years, Table 1 ). Of the 85 amblyopic children, 52 had anisometropic amblyopia, 16 had strabismic amblyopia, and 17 had bilateral amblyopia. There were no significant differences in age or sex between the amblyopic and control groups (P ¼ 0.149 and 0.191, respectively). As expected, SE, AL, and visual acuity were significantly different between the amblyopic and control eyes, as well as with the fellow eyes (P < 0.001 or all comparisons). There was no significant difference in visual acuity or AL between fellow eyes and control eyes (P ‡ 0.128, Table 1 ). However, the SEs of fellow eyes were slightly but significantly higher than control eyes (P ¼ 0.001). The refractive status of the different types of amblyopias are presented in Supplemental Table S1.
In the 3 3 3 mm scans, the foveal SCP vessel density was 22.7% 6 6.0% in the amblyopic group and 25.3% 6 5.5% in the control group (Table 2) . After adjusting for age, AL, and sex, the difference in the foveal SCP between the amblyopic and control group, À3.17%, was significant (P ¼ 0.008). The SCP parafoveal vessel density was also smaller in the amblyopic group than in the control group (49.6% 6 3.8% versus 51.7% 6 2.6% respectively) with a difference of À2.76% (P < 0.001) after adjusting for age, AL, and sex. The SCP vessel density in all four quadrants of the parafovea were similarly lower in the amblyopia group than in the control group ( Table 2) .
The foveal DCP vessel density of the amblyopic and control groups were 32.8% 6 6.3% and 34.2% 6 5.9% respectively ( Table 2 ). After adjusting for age, AL, and gender, the difference was À1.64% (P ¼ 0.189). The parafoveal DCP vessel density was 51.9% 6 4.3% in the amblyopic group and 53.0% 6 3.7% in the control group, with a difference of À0.83% (P ¼ 0.312) after adjusting for age, AL, and sex. The vessel density in each of the four parafoveal quadrants of the DCP followed a similar pattern for amblyopic and control groups (P ‡ 0.141, Table 2 ). There was also no significant difference in the area of the FAZ between the amblyopic and control groups (P ¼ 0.193).
Macular vessel densities of the different types of amblyopia were also evaluated. For anisometropic amblyopic eyes, the SCP vessel density at the fovea, the overall parafovea, and the four parafoveal quadrants were all less than for normal control eyes (P 0.005, Table 3 ). For strabismus amblyopic eyes compared with normal eyes, there was no difference in the foveal SCP vessel density (P ¼ 0.148). For the overall parafovea and for all quadrants except the temporal quadrant, SCP vessel density was lower than for the control eyes (P 0.049, Table  3 ). For bilateral amblyopic eyes compared with control eyes, there were no differences in the foveal and overall parafoveal SCP vessel densities (P ¼ 0.718 and 0.092, respectively); however, one of the quadrants was less dense than the control eyes (temporal, P ¼ 0.014, Table 3 ). There were no differences in the overall DCP macular vessel densities or in any of the quadrants (P ‡ 0.060, Table 3 ) for any type of amblyopia compared to the control group. There was also no difference in the area of the FAZs between any of the amblyopia groups and the controls.
When comparing the amblyopic to the fellow eyes in the unilateral amblyopic groups, the foveal and overall parafoveal SCP vessel densities in the anisometropic amblyopic eyes were slightly, but significantly, less than in the fellow eyes (P ¼ 0.025 and 0.023 respectively, Table 4 ). SCP vessel density at the parafoveal temporal quadrant was also less in the amblyopic eyes than the fellow eyes (P ¼ 0.009), but not for the other three quadrants (P ‡ 0.067). For children with strabismic amblyopia, there were no significant differences in foveal or parafoveal SCP vessel density between the two eyes (P ‡ 0.779, Table 4 ). There were also no differences between the paired eyes for DCP vessel density or the area of the FAZ (P ‡ 0.097, Table 4 ).
We also compared the vessel density in the fellow eyes of amblyopia patients with control eyes ( Supplementary Table  S2 ). For the SCP, the vessel density was lower at every point for the fellow eyes than for the control eyes, reaching statistical significance for the fovea (P ¼ 0.023) and for the parafoveal inferior quadrant (P ¼ 0.047). None of the DCP regions or the FAZ were significantly different between the two groups.
There were no significant differences between the amblyopic and control groups in the thicknesses of the inner and outer retinas at either the fovea or the parafovea (P ‡ 0.056, Supplementary Tables S3, S4 ). However, multiple linear regression analyses showed that SCP and DCP vessel densities in the fovea were positively correlated with the inner retinal thickness (standard b ¼ þ0.615 and þ0.653 respectively, P < 0.001 each). Also, the area of the FAZ was negatively correlated with the inner foveal thickness (standard b ¼ À0.709, P < 0.001). For the parafoveal temporal, nasal, and inferior quadrants, SCP vessel density was positively correlated with the corresponding inner retinal thickness (standard b ¼þ0.312, þ0.244, and þ0.251, respectively; P 0.008). In contrast, no vascular variables were significantly correlated with outer retinal thickness (P > 0.05). Decreased visual acuity was weakly but significantly associated with lower foveal SCP vessel density (standard b ¼ À0.268, P ¼ 0.001) and with the parafoveal temporal, nasal, and inferior quadrants (standard b ¼ À0.257, À0.205, and À0.249 respectively; P 0.044). Decreased visual acuity was also correlated with the enlarged area of the FAZ (standard b ¼ þ0.195, P ¼ 0.008).
DISCUSSION
Our OCTA demonstrated that amblyopic eyes have significantly lower vessel density in the SCP, with a 3.17% mean reduction at the fovea and 2.76% at the parafovea in amblyopic children. These differences were greatest in anisometropic amblyopia and least in bilateral amblyopia. Better visual acuity is slightly related to higher SCP vessel density. We did not find significant differences between amblyopes and controls for macular DCP vessel density or for the FAZ.
Our data are not in perfect agreement with previous studies. 6,7,10 Lonngi et al. 6 and Yilmaz et al. 7 reported decreased SCP and DCP vessel density for amblyopic eyes, but not for the FAZ in amblyopic eyes. Sobral et al. 10 found decreased SCP vessel density and an enlarged FAZ in amblyopic eyes. The variation among studies may be due to variation in subjects' age, differences in ethnicity, random variation, or image projection artifacts existing in the previous studies. The influence of projection artifacts on visualization of deeper retinal vascular plexuses is a major issue. 11 In 2018, the updated optical software (Optovue, Inc.) redefined the SCP and DCP boundaries and 3D projection artifacts removal algorithms were implemented to remove ''false'' blood flow signals in the DCP. Lonngi et al. 6 and possibly others 9-10 did not use the updated software, and the differences in analytical software might have caused the inconsistency among studies in the estimates of macular vessel density in the DCP. In our study, SCP vasculature was compromised more than the DCP in relation to the abnormal amblyogenic factors such as visual experience or the central visual system defect caused by these factors.
Our study showed that amblyopic eyes differed more significantly from control eyes than from fellow eyes. Previous studies have suggested that the development of both eyes is affected in people with unilateral amblyopia and that the fellow eye is not equivalent to a normal healthy eye. 12, 13 Lonngi et al. 6 included some fellow eyes as control eyes, and this may have introduced an artifact into their results. Our data showed that in fellow eyes, the SCP was slightly less dense than in control eyes at each site measured, and the differences were significant at several sites. Meier et al. 12 proposed the that sensitivity of the fellow eye is impacted for visual functions that rely on the binocular cortex. The fellow eye deficits are an important reminder that more effective treatments for amblyopia may target the binocular origin of this condition.
We note that vascular density was less in the fovea and the four parafoveal quadrants of the anisometropic amblyopes than in the bilateral amblyopes, even though both disorders are the result of hyperopic defocus. Animal experiments have shown a much greater loss in central visual system responsiveness in a monocularly deprived eye than binocularly deprived eyes. [14] [15] [16] [17] [18] This has been attributed primarily to interocular inhibition while the binocular loss involves mainly higher cortical areas. Monocular deprivation also has a much greater effect on patient visual acuity. In other studies, severe losses in primary visual cortex neuron responsiveness can cause atrophy of retinal ganglion cells through the transneuronal degeneration of neurons in the lateral geniculate nucleus. 19, 20 Reduced retinal ganglion cell size and number could lead to a thinner inner retina and less need for a dense vasculature. That hypothesis is consistent with our finding that vascular density was less in the anisometropic amblyopes than in the bilateral amblyopes.
Our result showed that density loss in the macular vasculature was greater in anisometropic amblyopia than in strabismic amblyopia and bilateral amblyopia. Al-Haddad 21 found that retinal nerve fiber layer thickness may be affected by refractive amblyopia but not by strabismus amblyopia. The standard visual acuity loss in anisometropic amblyopes is primarily due to grating resolution acuity and contrast sensitivity losses which are limited by factors within the primary visual system between the retina and the striate cortex. 22, 23 In strabismus amblyopia, grating visual acuity and contrast sensitivity losses represent a relatively small part of their overall visual loss. 22, 24 Strabismus amblyopia shows a great loss in Vernier acuity relative to simple grating acuity 22, 24 and strong spatial distortions for foveal vision. 25 These spatial distortions involve higher cortical functions and underly most of the strabismus amblyopes visual acuity loss. Since the main visual loss in anisometropic amblyopia involves contrast sensitivity and grating resolution reduction due to poor information transmission between retina and striate cortex, anisometropic amblyopia is more likely to involve the retina. We recommend that studies referring to amblyopia should not mix different types of amblyopia because this will confound the observations and result in inconsistency among the results of different studies. We found a positive correlation between the thickness of the inner retina and macular perfusion in agreement with the fact that the oxygen and nutrition demands of the inner retina are met by the retinal arterial system, while those of the outer retina are met by the choroidal vascular system. This result is consistent with Cheung et al. 5 who focused only on the SCP, knowing that shadow graphic projection artifacts made DCP data uninterpretable. 23 We also found that thinner foveal thickness was associated with an enlarged FAZ. This finding reflects the fact that a deeper foveal pit results in a wider lateral displacement of the superficial retinal layers and hence a larger FAZ. 26, 27 Many studies have examined macular topography in amblyopia. Li et al. 28 performed a meta-analysis of retinal changes in unilateral amblyopia and found a thicker foveola in amblyopic eyes than in normal controls. They speculated that blurred vision causes insufficient stimulation to the amblyopic eye, and this affects normal maturation of macula structure and the related movement of Henle fibers away from the fovea. Bruce et al. 13 speculated that increased foveal thickness is likely a result of changes at the photoreceptor level. Liu et al. 29 claimed that choroid thickness must increase to supply additional blood to the thicker retina in amblyopia. The analyses above are logical but refer only to the outer retina. The retinal dimensions described in the present study involve only the inner retina of amblyopes. So our results are not inconsistent with the above studies.
A drawback in our study is that anisometropic amblyopia is much more common in China, thus, strabismus and bilateral amblyopia sample sizes were relatively small. Also, a crosssectional study cannot determine if the vascular differences we observed are primary or secondary to anisometropic amblyopia. However, a longitudinal study starting with two-year-old hyperopic children to answer the causality question would be very challenging.
CONCLUSIONS
We found lower macula vascular density in the SCP of amblyopic eyes, especially in anisometropic amblyopia. Even though the macular thickness in the amblyopic eyes was not significantly reduced, there was a positive correlation between macular vessel density and inner retinal thickness. The main visual loss in anisometropic amblyopia involves contrast sensitivity and grating resolution reduction due to poor information transmission between retina and striate cortex. 22, 23 Based on this finding and our results, anisometropic amblyopia is more likely to induce structural and physiological changes in the retina. More studies with large sample sizes are needed to examine retinal morphology and perfusion in amblyopia. If macular structure or perfusion are shown to be affected by amblyopia, it will require revision of our current understanding and definition of amblyopia. The revised understanding must recognize changes in the retina that contribute to the structural and functional abnormalities that are present in the rest of the visual pathway.
